Particulate matter (PM) refers to discrete particles in ambient air that exist as either solid or liquid droplets. There has been considerable interest in the potential health effects of particles 10 pm or less in aerodynamic diameter (PM1o). These particles are respirable and 80% or more will deposit somewhere in the respiratory system. Sources of PM1O in the environment include automobile and diesel exhaust, power plants, incinerators, and combustion of other fossil fuels. Fugitive dust (e.g., from farming and road construction) and wind blown dust from geological material (e.g., agriculture) are major sources of PM10, often up to 50% of the average mass concentration.
The current U.S. air quality standard for PM10 is 150 pg/m3 for 24 This report critically reviews the findings from time-series epidemiologic studies of PM1O and acute mortality and hospital admissions. Because the focus of this paper is on short-term acute effects and whether the 24-hr standard is adequate, studies of chronic effects of PM are not included.
Because correlation does not prove causation in observational studies, it is necessary to evaluate these associations using Hill's criteria (1) . We also consider the role of confounding and bias and how they can obscure the true relationship. Studies included in this review have primarily examined the health effects of PM10, although several studies involving other measures of PM [i.e., total suspended particulate (TSP) and coefficient of haze (COH)] have also been induded. A recent review by Pope et al. (2) suggests that the burden of proof regarding a causal association has shifted to those who maintain that no causal inference is possible and requires them to explain the consistency and coherence of the evidence and put forward an alternative hypothesis. It is the purpose of this paper to evaluate the hypothesis that ambient PM levels less than 150 pg/m3 (24-hr average) are causally associated with increased acute mortality and morbidity and to assess the evidence to determine whether the associations are statistical or whether they satisfy the criteria for establishing causality.
Assessing Ambient PM10 Health Effects
The interpretation for a causal association between acute health endpoints and PM1O is based on correlation studies, which in epidemiology are called ecological studies because no measures of personal exposure are available (only group exposure data). For acute mortality and morbidity, time-series studies using a 24-hr sampling period for PM is the relevant type of study.
In time-series studies, daily mortality (or morbidity) from a metropolitan area is correlated with PM1O concentration of the same or previous days. The causal hypothesis is that patients with chronic respiratory/ cardiovascular diseases die prematurely (or show increased morbidity) because of the added stress of increased air pollution.
PM1O concentrations are measured by one (sometimes several) ambient air sampler located in the metropolitan area. Other variables that may also cause increased mortality/morbidity are adjusted for in the statistical model and are therefore said to not confound the association. Potential confounders include weather (e.g., hot and cold temperatures), season, influenza epidemics, and other copollutants (e.g., S02, ozone, etc.). Table 1 summarizes selected time-series mortality studies.
Estimates of the Magnitude of
Association between PM1O and
Mortality
The relative risk of death or illness associated with PM can be expressed as a percent increase per unit increase in PM. Schwartz (13) estimates that a 50 lig/mi3 increase in TSP is associated with about a 3% increase in mortality; this is based on a meta-analysis of time-series studies. Ostro (14) estimates that a mean increase of 50 pg/mi3 in PM1O is associated with a mean increase in mortality of 4.8% (1.55-7.45% as lower and upper bounds, assuming a linear relationship). There are studies that show no apparent association of mortality/morbidity, i.e., the relative risk (RR) is less than one, and the association with PM is only observed in some analyses, seasons, models, etc.; these studies have not been induded in the estimates described above. (29) .
Increased susceptibility to infectious diseases such as influenza or pneumonia is a possible cause of PM-increased mortality among elderly people who have cardiorespiratory disease (3Q). Because these diseases develop and evolve over days and weeks, a 24-120-hr time frame is too short to meet this criterion (29) . (13, 14) .
Against. Whether there is a valid pattern of consistency is not known for two increase in TSP for COPD (9%), followed by total mortality (6.8%), pneumonia (5.2%), CVD (4.7%), and total mortality among persons 65 years of age or older. Li and Roth (10) added 10 more years of data to the Schwartz and Dockery (8) (38) : 1) association is with BS but not with SO2; 2) BS and SO2 predict mortality equally well and appear to act identically; 3) BS is more strongly associated with mortality than SO2, but both are significant when considered alone; and 4) high correlations (0.79-0.96) between BS and SO2 make it impossible to distinguish their separate effects.
Ito et al. (38) did their own analysis and added acid aerosols to the pollutant mixture Articles -Gamble and Lewis of BS and SO2 as summarized above; they found that temperature was the strongest influence in all seasons and that all three pollutants were significant. However, no particular pollutant effect could be determined because of pollutant collinearity and lack of quantitative information about measurement error (both analytical error and errors in spatial representatives of the samplers in relation to the exposure ofpopulation).
Lippmann and Ito (39) (32) , the lower 95% confidence intervals are mostly below 1 and the E-R trend is not obvious (see Fig. 1 ).
Another Table 4 . These limited data indicate PM is not of practical significance in explaining variability of mortality or morbidity. Doubt concerning the ability to measure reduced mortality and morbidity when PM levels are reduced has also been expressed by members of the Clean Air Scientific Advisory Committee (unpublished) and Samet (37) . If one cannot measure the effect of a suspected risk factor, it is not logical to assert a cause-effect relationship.
The very low predictive power of PM (i.e., very low X2) increases the possibility that incomplete adjustment for confounding variables (e.g., weather, co-pollutants), bias, or the seasonal nature of the data (Morris, personal communication) could result in a consistantly small but spurious risk ratio.
Specificity of the Association
Is PM associated with disease-specific mortality such as respiratory or CVD? (see Table 1 ).
For. Schwartz (9) (6) in Birmingham. Ostro (14) concludes that these studies provide ample evidence of specificity.
Against. Reanalyses of data from Philadelphia by Li and Roth (10) do not show the same specificity by cause of death, and there are many relative risks less than 1.0. For example, the association with COPD was positive (RR = 1.02) with two or more pollutants in the model but less than 1.0 with only TSP in the model. Moreover, there were no consistent associations with CVD (RRs less than 1.0) (10). For. Bates (31) suggests that coherence within epidemiological data is "generally strong and therefore convincing" for the PM/mortality hypothesis. That is, time-series studies of hospital admissions and symptoms generally show an association with PM.
Against. The PM/morbidity studies are of the same design as PM/mortality studies and are, therefore, subject to the same biases and confounding as time-series mortality studies (confounding and bias are discussed in detail later). Consequently, time-series morbidity studies without personal exposure measures cannot provide independent confirmation or validation of the PM/mortality hypothesis or for the coherence criterion. Even if this argument is not accepted, not all of the correlation morbidity studies show an association with PM (see Table 2 ). In some studies, the association is present in only one season or among younger rather than older age groups (16, 17, 19, 20) . In some instances they are not coherent with the hypothesis, even when results are from the same city. For example, in Steubenville, Samet et al. (15) (33) .
Symptom data also do not show a consistent association with measures of PM air pollution. Studies measuring changes in PEF generally show a significant association with ambient PM; however, the actual reductions in PEF are quite small (<5%), they are not an adverse health effect, and they are less than diurnal variation (see Table 3 There are several chamber studies of healthy and asthmatic volunteers exposed to ETS containing PM concentrations ranging from about 850 pg/i3 to over 4000 /im (Table 5 ). The most sensitive and susceptible subjects studied were atopic smoke-sensitive asthmatics (65, 66) . In these two studies, there was a total of 52 (66) 226 pg/M3 nicotine Articles * Gamble and Lewis when tested using individual-level study results. For. Dockery and Schwartz (72) indicate that the results of the Steubenville data (33) generated the hypothesis that PM rather than SO2 was specifically associated with daily mortality. The hypothesis was then tested in Philadelphia (8) with similar associations in eight other U.S. communities (5, 6, 49, (73) (74) (75) (76) .
Against. Epidemiology text books and articles in epidemiology literature consistently note that ecological studies are limited in their usefulness to hypothesis generation because of the fallacy inherent in estimating individual risk based on group data (42, (44) (45) (46) (79) (80) (81) . Cohen (79) defends the use of ecologic studies to estimate linear nonthreshold E-R relationships, while Greenland and Morgenstern (80) are doubtful of their validity and conclude there is no "ecological method available to identify or measure ecological bias."
The differences between actual and measured exposure are rarely determined. Therefore, the measurement error for all the independent variables in time-series correlation studies is largely unknown. In a multiple regression model with collinear independent variables having different magnitudes of measurement error, the results are complex and not always predictable.
Lipfert and Wyzga (82) (84) . Thus, the pollutant with the lowest measurement error will have the spuriously highest regression coefficient. In contrast, the regression of correlated copollutant with higher measurement error will be lowered and may go to essentially zero unless these differences are minimized. All of these biases (but not necessarily their magnitude) are known to be present in air pollution studies (82) .
Averaging time or lag bias. For a valid (unbiased) estimate of the regression coefficient in an air pollution model, the appropriate lag period must be used for the independent variables (82) .
The appropriate lag period is different for each pollutant in the model, and the selection of inappropriate lag times may influence the effect attributed to each pollutant. Li and Roth (10) found that the mean of current and previous day pollutant levels for TSP, SO2, and 03, along with a lag time of 2 days for weather, gave the strongest association for pollutants in Philadelphia when testing lag times that varied between 2 and 4 days. Schwartz and Dockery (8) used a similar lag time for pollutants (Philadelphia), whereas the previous day was used in Detroit (73) , current and the previous 2 days in Birmingham (6) , and current and the previous 4 days in Utah (5) . If SO2 and 03 effects are related to peak exposures (as they may be) rather than 24-hr or longer means, then the estimates for all pollutants in the model will be biased. The variable number of lag times used in various studies also raises concern about the lack of a rationale for a 24-hr averaging time for PM1O.
The lags for weather may also be biased, as lag time between weather and mortality in the summer is less than or equal to 1 day and is much longer in winter. Three-day lag times were common in a number of U.S. cities (85) . As With such low R2 for PM and the probability that confounding is occurring, it is questionable that the E-R trends are valid; this suggests that lowering PM would not lower mortality or morbidity.
The lack of control is probably due to the use of improper metrics to measure weather and inappropriate lag times for temperature. Both hot and cold temperatures (and other aspects of weather) above and below temperature thresholds increase total mortality as well as specific causes of death including CVD, respiratory disease, coronary and stroke deaths, pneumonia, coronary artery disease, cerebral infarction, and ischemic heart disease (90) (91) (92) (93) (94) (95) . And the further away from threshold, the greater the risk. The appropriate lag peri- (82) . When co-pollutants are in the model, collinearity may make it impossible to assess the independent effects. Thus, it may not be possible to obtain reliable estimates of E-R relationships for individual pollutants in a time-series study.
Summary and Conclusion
The objective of this review is to evaluate the question: Is there a cause-effect relationship between short-term low-level ambient concentrations of PM1O (<150 Jig/m3) and increased acute mortality or morbidity? Causality is evaluated in terms of meeting criteria of temporality, consistency, coherence, strength of association, biological gradient, specificity, plausibility, and freedom from or control of confounding and bias. Since the hypothesis has been both generated and tested by studies using group exposure data, judgment must also be made whether estimates of risk from ecologic studies are reliable.
The major arguments favoring a causal association are consistency of the findings at different locations with different climatic and pollutant characteristics, and coherence of the findings, namely, increased morbidity (e.g., hospital admissions) associated with daily concentrations of ambient PM. Confounding from weather and co-pollutants is said to be adequately controlled.
It is important to realize that all of the PM mortality and morbidity epidemiology studies have one design: a time-series ecologic study with no personal measures of exposure. Results obtained from ecologic studies have the inherent problem that conclusions are subject to the ecologic fallacy. The validity of individual risk estimates based on group data is not known and cannot be reliably determined from an ecologic study design. The ecologic study is primarily designed for generating hypotheses. Testing the hypothesis, assessing the validity of the association, and obtaining reliable estimates of the exposure-response relationships require independent testing by individual-level study designs having personal exposure measures, as well as individual health data.
Regardless of the validity of using ecologic studies to perform hypothesis testing, a review of the evidence suggests that associations are statistical rather than cause-effect. Reasons A primary author in many of the PM studies concludes that the evidence seems to leave little room to doubt that particulate air pollution at commonly occurring levels is causally associated with a range of adverse outcomes, including early mortality (13) . However, as outlined above, the causal criteria are not met and the weight of evidence does not support the PM/mortality hypothesis.
